With regard to tunnel design, the presence of water requires that consideration be given to leakage from and pore water pressure on the lining. A segmented tunnel is generally constructed as a watertight tunnel with a certain amount of allowable leakage. It has been reported that the leakage from watertight tunnels increases with time due to lining deterioration. The deterioration of joints and/or grouts in segmented linings changes the hydraulic boundary conditions, which results in long-term hydraulic and mechanical interaction, and consequently, an increase in leakage. In this paper, the coupled mechanical and hydraulic interaction between the segment lining and the surrounding ground is investigated using the numerical modeling method. It is identified that hydraulic deterioration causes significant changes in pore water pressure and structural behavior, and accelerates leakage. It is shown that design requirements for joint contact pressure are not sufficient for controlling long-term leakage, as they do not consider hydraulic deterioration. A strain requirement, controlling leakage, and a leakage evaluation method, considering hydraulic deterioration, are proposed in this paper.
Introduction
It has been reported that aged tunnels commonly have leakage problems, which threaten public service and increase maintenance costs significantly, and that the long-term hydraulic deterioration of drainage systems has caused such problems (KISTEC (Korea Infrastructure Safety and Technology Corporation), 2007; Reddi et al., 2002) . Previous researchers have investigated the effect of hydraulic deterioration on double-lined NATM tunnels acting as drains and have pointed out that hydraulic deterioration hinders the flow into the tunnel, and consequently, increases the pore water pressure on the lining (Shin et al., 2002 (Shin et al., , 2005 Shin, 2008) . However, the long-term hydraulic behavior of watertight tunnels has not been sufficiently studied. Generally, segment tunnels are constructed as watertight tunnels with an allowable amount of leakage. The behavior of watertight tunnels, due to hydraulic deterioration, would be the converse of that of tunnels acting as drains, as the hydraulic deterioration in watertight tunnels causes an increase in permeability and leakage. Fig. 1 shows an example of the leakage and the joint profiles of a segment tunnel. One of the main concerns in segment tunnels is the increase in leakage due to the deterioration of the seal materials at the joints. The segments themselves are generally considered to be almost impermeable, because concrete with well-controlled quality has very low permeability (Neville, 1995) . However, the connecting joints and the seal materials are possible seepage routes for the intrusion of ground water. Most of the strain will generally develop at the joints.
For segment tunnels to remain at the desired level of service throughout their lifetime, leakage evaluation and monitoring are required. During the operation of the tunnels, it would also be necessary to determine the appropriate time and measures required to reduce leakage. Thus, the longterm hydraulic lining-groundwater interaction must be fully identified at the design phase. In this paper, hydraulic tunnelground interaction was investigated to identify the effect of long-term hydraulic deterioration, while a leakage evaluation and strain requirements for water sealing are considered.
Geotechnical consideration in numerical modeling of segment lining
Hydraulic deterioration influences not only leakage and pore water pressure, but also the mechanical behavior of the lining. This interactive behavior can be termed coupled hydraulic and mechanical interaction (Shin, 2008) . The numerical modeling of this behavior requires a coupled scheme between the displacement and the pore water pressure. In this study, to model the interaction between the tunnel and the surrounding ground, Biot's coupled theory (1941) is considered. It is written as
where K G is the average global stiffness matrix over the time interval (t 1 ,t 2 ), R G is the right side load vector, L G is the global coupling matrix, F G is the global flux matrix, d n G and p n G are the global vectors of the unknown nodal displacement and the pore pressure, respectively, and Dt denotes the time interval (t 2 À t 1 ). b is the numerical integration parameter. The Imperial College Finite Element Program (Potts and Zdravkovic, 1999) , which adopts the above equations, is used for the analyses presented in this paper. Modeling a segment tunnel involves several components, namely, pre-cast concrete segments, seal materials in the joints and backfill grouts. Among these, the behavior of the seal materials is likely to be the most important, as leakage mainly occurs through the joints.
Modeling of mechanical behavior
Actual segments are interconnected laterally and longitudinally; thus, the behavior is three dimensional. In this paper, however, a two-dimensional model is adopted by simply assuming that the hydraulic deterioration of the lining occurs at the longitudinal joints, as the behavior of longitudinal joints is mainly governed by external loads. Modeling a segment tunnel requires consideration of the joint behavior. Fig. 1 also shows the force mechanism at the joints connected using bolts which have a limit of moment transfer. Eccentricity e of axial force N results in moments M ¼ eN. As it is assumed that the joints do not resist tensile force, the joint pressure is dependent on the eccentricity of the axial force.
When the lining moments exceed allowable level M o , the joint will open and the moment will be maintained:
where y o is the distance from the neutral axis and s f is the yield force of a bolt for the unit length of the lining along the tunnel axis. The behavior of the joints is modeled using a small beam element for which the moment is limited to M o , as shown in Fig. 2 (a) (Potts and Zdrakocevic, 2001 ). The small beam elements are placed between segments, as shown in Fig. 2(b) . The joints and the segments are modeled by 3-node linear elastic beam elements based on the Mindlin beam theory (Day and Potts, 1990 ). Fig. 3 (a) shows the conceptual mechanism of seal waterproofing. The elements contributing to water sealing in segment tunnels are the seal materials between the segments, the ring packers and the grouts placed at the outer sides of the segments. Among these, the hydraulic behavior of the seal materials is likely to be the most crucial, as leakage commonly occurs at the joints. The hydraulic expansion of the seal materials produces contact pressure s c . To obtain the water sealing, the contact pressure should always be higher than the design water pressure, p w :
Modeling of hydraulic behavior
In terms of contact pressure, the time dependency of the contact pressure, such as structural deterioration, can be 
presented as shown in Fig. 3 (b). The condition must be maintained during the lifetime of the tunnel. However, the long-term deterioration of the joints may reduce the seal contact pressure. Fig. 4 (a) and (b) shows the modeling mesh with the boundary conditions and the components in a segment tunnel, respectively. To represent the structural and the hydraulic lining behavior, combined beam and solid elements (Shin et al., 2005) are adopted, as shown in Fig. 4(c) . The hydraulic behavior of the joints and the backfill grouts is modeled using thin solid elements of which permeability can be separately prescribed; this enables the modeling of the leakage occurring through the seal materials at the joints. 
Analysis model

Profile of a model tunnel
An 8-segment tunnel in decomposed and weathered granite is considered. Ground and tunnel profiles are presented in Fig. 5 . The initial state of stress for the long-term analysis is obtained from the construction analysis, which includes the excavation and the lining installation. Although the hydraulic boundary conditions on the ground surface are governed by the climate and the hydro-geophysical environment, the effect of the change in stress due to the fluctuating ground water table is not accounted for in this study. It was assumed that the phreatic surface was maintained at a depth of 1.0 m below the ground surface throughout the analysis, which is the confined phreatic surface condition. Thus, on both sides of the model boundary, the pore water pressure levels were assumed to remain at their initial hydrostatic values. This assumption is valid when there is a sufficient supply of ground water from a nearby river or pervious soil layers.
Modeling of material behavior
The ground is modeled using eight-node isoparametric solid elements. A linear elastic model is used to represent the preyield behavior of the ground materials and the lining behavior. The Mohr-Coulomb model is adopted to model the post-yield behavior. The material parameters are presented in Fig. 5 .
The modeling of the flow behavior requires prescribing the permeability model. The flow behavior of the decomposed and slightly weathered granite was modeled using the non-linear permeability model proposed by Vaughan (1989) According to Neville (1995) , the permeability of concrete typically varies from 10 À 10 to 10 À 12 m/s. In reality, however, the major paths of water intrusion into a concrete tunnel lining are cracks and/or construction joints. Thus, seepage into a tunnel lining would be influenced by the mass permeability rather than by the permeability of the concrete itself. Evaluating the lining permeability is very difficult and such evaluations have rarely been reported. The flow rate into a tunnel is dependent on the relative permeability of the lining, k l , to the adjacent soil, k s (Shin et al., 2005) , or joint k j to lining k l . This study, therefore, is only concerned with the relative permeability, k l /k s or k j /k l .
Analysis cases
The hydraulic deterioration of a segment lining may occur both at the joints and in the segments themselves. In this study, three types of hydraulic deterioration are considered, namely, segment deterioration, all-joint deterioration and single-joint deterioration. Segment deterioration does not consider joint deterioration. In this study, the main concern is joint deterioration. To investigate the effect of joint deterioration, a range in relative permeability was considered. The hydraulic deterioration of watertight tunnels can be numerically represented by increasing relative permeability k j /k l . Table 1 lists the analysis cases.
Results
To identify the coupled hydraulic and mechanical interaction, flow, ground, and lining behavior are mainly analyzed. Flow and ground behavior are described in terms of flow vector, seepage velocity, pore water pressure distribution, and ground loading on the lining. The lining performance is evaluated by examining the bending moments, the hoop thrusts, and the lining deformation. Fig. 6 presents flow velocity vectors in the segment lining for the case of all-joint deterioration. It is shown that seepage mainly occurs through the joints, as the permeability of the joints is significantly higher than that of the concrete segments. Seepage concentration increases with an increase in relative permeability k j /k l . An increase in k j /k l simulates the hydraulic deterioration of joints with time. Fig. 7 presents the seepage velocities for all the analysis cases. The hydraulic deterioration of the segments is represented by increasing relative permeability k l /k s from 0.00001 to 1.0 for the case of segment deterioration. Meanwhile, joint deterioration is represented by considering ratio k j /k l from 1 to 1000. Both segment and joint deterioration have increased seepage velocities. Higher seepage velocities were obtained at the hydraulically deteriorated joints. Fig. 8 shows the relationship between the flow rate into the tunnel and the relative permeability. The unit of inflow rate, indicated in Fig. 8 , is the volume per day in a 100-m tunnel with a tunnel surface of 1.0 m 2 . This leakage unit is commonly adopted in design practice. Segment deterioration increases the inflow rate significantly with increasing rates, as shown in Fig. 8(a) . Meanwhile, joint deterioration increases the inflow rate up to k j / k l ¼ 100, as shown in Fig. 8(b) . However, the flow rate is only slightly changed, when k j /k l is higher than 100. The results indicated in Fig. 8(b) also show that the leakage through the joints has certain limits. Moreover, the increase in the number of deteriorated joints increases the inflow quantity. Fig. 9 shows the pore water pressure distributions on the lining. They are the direct opposite of those of the seepage velocity shown in Fig. 7 . At the hydraulically deteriorated joints, the pore water pressure levels have decreased considerably due to the increase in permeability.
Flow behavior
Pore water pressure and ground loading
Ground loading is the total normal stress acting on the lining; it consists of effective stress and pore water pressure. Fig. 10 shows the distribution of the ground loading on the lining. It is shown that the effects of deterioration on the ground loading were not significant. Ground loading is slightly decreased at the deteriorated joints. Fig. 11(a) and (b) presents the distribution of bending moments and hoop thrusts, respectively, in the linings for the case of all-joint deterioration. Slight changes were found in the bending moments and the hoop thrusts. Hydraulic deterioration had slightly increased both the bending moments and the hoop thrusts around the shoulder and the spring line, while they had decreased them at the crown and the invert.
Lining behavior
Joint behavior can be elaborated by reviewing the lining deformation. Net deformation due to hydraulic deterioration can be seen by magnifying the displacement scale, as shown in Fig. 12 . The figure shows that the progress of hydraulic deterioration increases the deformation at the joints, which consequently causes additional leakage. Fig. 13 presents the joint deformation with hydraulic deterioration. Compared with the seepage velocities shown in Fig. 7 , hydraulic deterioration causes an increase in leakage for both the inward and the outward deformations of the joints.
Evaluation of leakage
To secure the design requirements for water sealing, the conditions given by Eq. (3) must be satisfied. The contact pressure is not, however, the lining stress. Rather, it is the pressure caused by the expansion of the sealing materials.
As there is no significant change in the stress system, the s c 4 p w condition is still satisfied despite the increase in leakage during hydraulic deterioration. This indicates that only the contact pressure is insufficient for the water sealing requirement of a segment tunnel. Thus, it would be appropriate to introduce a parameter to control leakage considering hydraulic deterioration. A deformation parameter at the joints can be considered to describe the longterm leakage due to hydraulic deterioration. This can be supported by examining the relationship between the tangential strain and the flow rate at the joint shown in Fig. 14. The trend for hydraulic deterioration is almost identical.
The additional requirement using the tangential strain at the joints can be established as
where e ly is the tangential strain and e lylim is the limiting tangential strain for the allowable leakage. Fig. 15 shows an illustration of joint deformation, which increases tangential strain and leakage, and the tangential strain concept describing Eq. (5). A generalized relationship between leakage and hydraulic deterioration can be
where g w is the unit weight of water, m is the dynamic viscosity of water (1.004 Â 10 À 6 kN/m 2 s), w(¼ e yl 3 s) is the average crack width and s is the average spacing between cracks.
In the segment lining, it is simply assumed that cracks/ strains typically develop only at the joints. The average crack space can then be estimated as S¼ 2pr/N, where r is the inner radius of the tunnel and N is the number of joints. a ¼ 326,010 cm/s for the given tunnel is shown in Fig. 5 .
If the amount of allowable leakage is established, the relative permeability satisfying it can be obtained using Fig. 16 . For instance, if the allowable leakage is set to be 0.5 l/m 2 /100 m/day, the average permeability satisfying it is k j ¼ 0.8k l for the case of single-joint deterioration. The permeability of segments is safely assumed to be 4.48 Â 10 -11 m/s (Neville, 1995) . The corresponding allowable tangential strain at the joint can then be evaluated using Eq. (6) as e lylim ¼ 1.03 Â 10 À 5 . According to Ferna´ndez (1994) , when tensile strain e ly exceeds 1.5 Â 10 À 5 in a concrete lining, cracking of the lining takes place.
In the case of multiple leaking joints, the summation of leakage for all leaking joints should be less than the allowable leakage as
where q a is the allowable leakage, q i is the leakage at leaking joint i, and n is the number of leaking joints. The solid line in Fig. 16 has 8 leaking joints. Rough interpolation can be made for a segment tunnel of which leaking joints are between 1 and 8. The average tangential strain to be controlled can then be obtained using Fig. 16 and Eq. (6). It is reported that single-joint leakage is the most common (KISTEC, 2007) .
Once leakage starts at a joint, leakage concentration and acceleration then occur through the joint. This concept can also be used to evaluate leakage due to hydraulic deterioration in the design phase. If the tangential strain of joints is obtained by carrying out a coupled FE analysis, the joint permeability and the flow rate for each joint are obtained using Eq. (7) and Fig. 16 , respectively.
In this study, the strain requirements for water sealing and leakage evaluation are investigated for the given tunnel and are shown in Fig. 5 . As the allowable leakage is dependent on the tunnel usage and the hydro-geophysical environment varies with sites and segment sealing methods, care must be taken in field applications for tunnels with specific conditions.
Conclusions
The long-term hydraulic and mechanical interaction of a segment tunnel due to hydraulic deterioration was investigated using the coupled finite element method. It was found that the coupled mechanical and hydraulic behavior of the segment tunnel due to hydraulic deterioration can be represented by adopting a combined model of beam and solid elements. The hydraulic deterioration of the tunnel is represented by varying the permeability of the deteriorated segments and/or joints. The long-term coupled interaction between the segment lining and the surrounding ground can be summarized as (a) With the increasing rates of segment deterioration, the inflow rate is significantly increased. Meanwhile, joint deterioration causes an increase in the inflow rate up to k j /k i ¼ 100. However, the flow rate is changed only slightly when k j /k i is higher than 100. (b) Hydraulic deterioration causes a small increase in ground loading and lining deformation at the joints. (c) Even a small increase in the tangential strain at the joints results in a significant increase in leakage. (d) To satisfy the design requirements of the segment lining, in terms of the inflow rate, the introduction of both contact pressure and tangential strain requirements would necessitate.
Applying only the design requirement of contact pressure is not likely to be sufficient for water sealing, as pressure conditions do not consider the long-term leakage due to hydraulic deterioration. It is shown that tangential strain can be an alternative control parameter for water sealing. Long-term leakage due to hydraulic deterioration can be simply evaluated using the tangential strain in the design phase. 
